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Development of the male urogenital tract in mammals is mediated
by testicular androgens. It has been tacitly assumed that testos-
terone acts through its intracellular metabolite dihydrotestoster-
one (DHT) to mediate this process, but levels of these androgens
are not sexually dimorphic in plasma at the time of prostate
development. Here we show that the 3a-reduced derivative of
DHT, 5a-androstane-3a,17b-diol (5a-adiol), is formed in testes of
tammar wallaby pouch young and is higher in male than in female
plasma in this species during early sexual differentiation. Admin-
istration of 5a-adiol caused formation of prostatic buds in female
wallaby pouch young, and in tissue minces of urogenital sinus and
urogenital tubercle radioactive 5a-adiol was converted to DHT,
suggesting that circulating 5a-adiol acts through DHT in target
tissues. We conclude that circulating 5a-adiol is a key hormone in
male development.

In all mammalian species testicular androgens control three
aspects of male phenotypic development—conversion of the

wolffian ducts into the epididymis, vas deferens, and seminal
vesicles; formation of the male urethra and prostate; and for-
mation of the phallus (1). Studies in animals and humans with
mutations in the genes that encode the androgen receptor or
steroid 5a-reductase 2 indicate that testosterone virilizes the
wolffian ducts and that 5a-reduced androgens are essential for
formation of the prostate and phallus (1). Because virilization
occurs during early fetal development in eutherian mammals, it
has not been possible to measure androgens in the circulation
when virilization begins.

Marsupial mammals offer an advantage for studying male
phenotypic development, which takes place after birth when the
young are easily accessible in the pouch and over a longer period
than in the eutherian, so that it is possible to study the various
aspects of phenotypic development individually (2). Virilization
of the urogenital tract in the male marsupial pouch young is
similar to that in eutherian fetuses, except that formation of the
scrotum in marsupials is androgen-independent (2–6). This
process has been examined in detail in one marsupial species, the
tammar wallaby, Macropus eugenii, in which formation of the
prostate begins in the urogenital sinus at around day 20 post-
partum (5), whereas virilization of the penis commences around
day 100 (6). Testosterone concentrations in the testes increase
before prostate formation begins (7), and prostate development
can be prevented by administration of the steroid 5a-reductase
inhibitor finasteride (8), which blocks the formation of dihy-
drotestosterone (DHT), or of the androgen receptor inhibitor
flutamide (9), which prevents the actions of both testosterone
and DHT. Administration of large amounts of testosterone (5)
or transplantation of testes to female pouch young (10) causes
prostate development, whereas castration of 10-day-old male
pouch young prevents formation of the prostate and penis (10).

Despite the wealth of evidence for a crucial role of 5a-reduced
androgens in virilization, the circulating levels of testosterone
and DHT are not sexually dimorphic at the time of prostatic and
phallic development in either the tammar wallaby (11) or the

gray short-tailed opossum, Monodelphis domestica (12, 13).
These findings suggest that some other androgen is involved in
virilization of the male marsupial. To identify the unknown agent
we decided to reinvestigate testicular androgen production and
metabolism in tammar wallaby pouch young at the time of
prostate development between days 20 and 40 of pouch life.

Materials and Methods
Animals. Tammar wallabies from Kangaroo Island, South Aus-
tralia, were maintained in open grassy yards. These animals are
seasonal breeders. During the breeding season, adult females
were checked daily for births. When the day of birth was
uncertain, the age of pouch young was assessed by head length
(5, 7). Blood was drawn from the neck veins of 81 day-20 to -40
pouch young under hypothermic anesthesia into heparinized
capillary pipettes, centrifuged, pooled, and frozen.

In Vitro Studies of Androgen Metabolism. Testes of five male pouch
young 22–36 days old (average 27 days) were pooled, and
triplicate incubations were made by using three or four gonads
from this pool. Gonads were added to 0.05 ml of Dulbecco’s
modified Eagle’s medium (Life Technologies, Grand Island,
NY) containing 0.1 mM [1,2,6,7-3H]testosterone (3.37 TBqy
mmol; Amersham Pharmacia), gassed with 95% oxygeny5%
carbon dioxide, and incubated with shaking at 37°C for 2 h.
Ovaries of five female pouch young aged 21–40 days (average 31
days) were incubated similarly. The reactions were stopped by
the addition of 0.5 ml of acetone, and the samples were dried
under air at room temperature. The residues were dissolved in
0.1 ml of chloroformymethanol (2:1), and 10-ml aliquots were
spotted on 20 3 20 cm TLC plastic sheets coated with silica gel
60 (Merck, Darmstadt, Germany) together with 10 mg each of
carrier steroids [testosterone, DHT, 5a-androstane-3a,17b-diol
(5a-adiol), and 5a-androstane-3b,17b-diol]. The plate was de-
veloped in dichloromethaneyethyl acetateymethanol (85:15:3,
vol/vol), the steroids were visualized by spraying with water, and
each lane was cut into 10 fractions and assayed for radioactivity
in a liquid scintillation counter.

Urogenital tracts were dissected from seven male pouch young
aged 24–37 days (average 33 days), and minces of testes,
urogenital tubercles, urogenital sinus, and scrotum (3.1–14.7 mg
in weight) were added to 0.1 ml Dulbecco’s modified Eagle’s
medium containing 0.1 mM [1,2-3H]testosterone (1.48 TBqy
mmol), 0.1 mM [1,2-3H]DHT (1.67 TBqymmol), or 0.1 mM
5a-[9,11-3H]adiol (2.0 TBqymmol) (all from NEN). Duplicate

Abbreviations: DHT, dihydrotestosterone; 5a-adiol, 5a-androstane-3a,17b-diol; 5b-adiol,
5b-androstane-3a,17b-diol; GCyMS, gas chromatographyymass spectrometry.

§To whom reprint requests should be addressed. E-mail: jwils1@mednet.swmed.edu.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073ypnas.220412297.
Article and publication date are at www.pnas.orgycgiydoiy10.1073ypnas.220412297

12256–12259 u PNAS u October 24, 2000 u vol. 97 u no. 22



samples were gassed with 95% oxygeny5% carbon dioxide and
incubated at 37oC with shaking for 1 h. The reactions were
stopped by acetone and the products were separated and assayed
as above. Another experiment with a pool of tissues from four
male pouch young 26–27 days of age but with a 2-h incubation
produced essentially identical results (data not shown).

Gas ChromatographyyMass Spectrometry (GCyMS). Androgens were
measured by using selected-ion-monitoring GCyMS with deu-
terium-labeled androstenedione, testosterone, DHT, and 5a-
adiol as internal standards (14). For the plasma assays, an
internal standard mixture was added to each aliquot, and steroids
were extracted twice with isooctaneymethylene chloride (2:1,
vol/vol). The extracts were dried and reconstituted in 5 ml of
methanol and 4 ml of water, and the steroids were again
extracted by using C18 Sep-Pak cartridges. For the gonadal
assays, testes were weighed, homogenized, and sonicated in
acetoneyethanol (1:1, vol/vol). The supernatant was aspirated,
and the extraction of the pellet was repeated. The steroids in the
combined supernatants were purified on 0.5-g Sephadex LH-20
columns by using the solvent system cyclohexaneyethanol (4:1,
vol/vol) as described (15). Pentafluoropropionyl derivatives of
the steroids in the plasma and tissue extracts were prepared and
subjected to GCyMS using an HP 5971 mass selective detector,

interfaced with a Hewlett-Packard 5890 gas chromatograph
housing a 15-m DB-1 column. The system was programmed from
240 to 300°C. Appropriate selected ions were monitored for
analytes and internal standards, and measurement of the ratios
between the two provided the steroid concentrations.

The measurements were made in testes from two tammar
pouch young aged 24 and 33 days and in pools of male and female
tammar pouch young plasma. The A pools were collected in 1998
from 10 male pouch young aged 18–36 days, 14 female pouch
young aged 18–36 days, and three adult males. The B pools were
collected in 1998 from seven male pouch young aged 20–44 days
and 10 female pouch young aged 20–37 days. The C pools
combined all male or female plasma samples from day-21 to -40
pouch young remaining from a previous study (11).

Administration of 5a-Adiol to Female Pouch Young. Mothers with day
19 female pouch young were randomly assigned to two treatment
regimens and maintained in holding pens for 26 days. One group
of six female pouch young were given 8 mgzkg21zday21 of 5a-adiol
(Steraloids, Newport, RI) dissolved in peanut oil, and, as a control,
six female pouch young were given 8 mgzkg21zday21 of 5b-
androstane-3a,17b-diol (5b-adiol) (Steraloids) dissolved in peanut
oil. The treatments were administered orally each day for 10 days
through a polyethylene tube (external diameter 0.90 mm) (5). On
day 45, the pouch young were killed under hypothermic anesthesia
and the urogenital tracts dissected, fixed in neutral buffered for-
malin, and serially sectioned.

Results
When minces of testes were incubated with tritiated testosterone in
triplicate (15), 7.9%, 8.0%, and 9.4% of the radioactivity was
recovered in an area corresponding to 5a-adiol, whereas ovaries
converted only 0.9%, 0%, and 1.1% of the substrate to a metabolite
that migrated similarly (Fig. 1). The identity of 5a-adiol in testes was
confirmed by GCyMS analysis (Table 1). The concentrations of
5a-adiol and DHT in the testes of a day 24 and a day 33 pouch young
averaged 64 and 62 ngzmg21 wet weight, respectively, twice the
average level of testosterone (34 ngzmg21 wet weight). The fact that
the levels of 5a-reduced androgens in testes were higher than
predicted from the incubation studies indicates that 5a-reduced
steroids are major products of the pouch young testes and raises the
possibility that these steroids may be formed directly from proges-
terone as well as from testosterone, as is known to occur in the
immature rat testis (16).

Plasma concentrations of 5a-adiol were also assessed by
GCyMS (Table 2), and the levels in day 20–40 tammar pouch

Fig. 1. TLC of the metabolites after the incubation of tissue fragments of
testes or ovaries with tritiated testosterone. The positions of the standards on
the plate are indicated by arrows. The data from one of three experiments are
shown. Fraction 1 represents the origin—the metabolite at the origin in both
the ovarian and testicular samples was not identified. T, testosterone.

Table 1. GCyMS analyses of androgens in testes from tammar
pouch young

Age, days

Conc., ngzmg21 wet weight of tissue

Testosterone DHT 5a-Adiol

24 31 62 49
33 36 62 78

Table 2. GCyMS analysis of 5a-adiol in plasma pools from day
20–40 tammar pouch young and adult male tammars

Pool

Conc., ngzml21 of plasma

Male pouch
young

Female pouch
young Adult male

A 3.1 0.8 0.6
B 1.2 0.6 —
C 1.5 0.5 —
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young were 3 times higher in male plasma pools (averaging 1.9
ngzml21) than in female pools (averaging 0.6 ngzml21). In
contrast, no consistent sexual dimorphism has been demon-
strated in the levels of plasma testosterone or DHT at these ages
(11). Concentrations of 5a-adiol were also higher in the pouch
young than in a pool of adult male tammar plasma (0.6 ngzml21)
in which the levels were similar to those in adult human males
(17, 18). We know of no other report that any circulating
androgen has been shown to be sexually dimorphic in a mammal
at the time of commencement of prostatic development.

5a-Adiol is a potent pharmacological androgen. Exogenous
5a-adiol is more effective than DHT in promotion of virilization
of the urogenital tract of the fetal rat (19) and more potent than
DHT or testosterone in inducing prostatic hyperplasia in the
castrated dog (20). 5a-Adiol also induces virilization of the
urogenital sinus of female tammar pouch young (Fig. 2). In six
45-day-old female pouch young given 5a-adiol, the number of
prostatic buds in 10 consecutive histological sections (11.3 6
2.30) was not significantly different than in serial sections from
five 45-day-old control males (18.0 6 6.11, P 5 0.24). No buds
were observed in any of the control females given the inactive
isomer 5b-adiol.

Multiple forms of the 3a-hydroxysteroid dehydrogenase en-
zyme exist, some of which oxidize and some of which reduce the
oxygen at carbon 3 of 5a-reduced steroids (21). To examine
5a-adiol metabolism in various tammar pouch young tissues,
minces of testes and urogenital tracts were incubated in vitro with
radioactive testosterone, DHT, or 5a-adiol, and the metabolites
were separated by TLC and assayed by scintillation spectroscopy
(Fig. 3). In testes, the rate of conversion of DHT to 5a-adiol was
more than 10 times the rate of either the 5a-reduction of

Fig. 3. Steroid hormone metabolism in minces of urogenital tissues of the
tammar pouch young. Values are expressed as fmolzmg21 wet weight tissue
per h. T, testosterone; 5a-R, steroid-5a-reductase; 3a-OHSD, 3a-hydroxy-
steroid dehydrogenase.

Fig. 2. Representative sections of urogenital sinus of day 45 pouch young. (a) Urogenital sinus of a control female treated with 5b-adiol contains no prostatic buds.
(b) Normal male urogenital sinus with numerous prostatic buds surrounding the urogenital sinus (arrows). (c) Urogenital sinus from a female treated with 5a-adiol
contains prostatic buds (arrows) similar to those of males. (d) Caudal section of urogenital sinus from female treated with 5a-adiol shows extensive branching of the
urogenital sinus, with numerous large prostatic buds (arrows) not seen in males at this age. ugs, urogenital sinus; md, mullerian duct. Bar represents 0.1 mm.
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testosterone or of the oxidation of 5a-adiol to DHT. However,
in the urogenital sinus and urogenital tubercle, the rate of
5a-reduction of testosterone and the rate of oxidation of 5a-
adiol to DHT exceeded the rate of conversion of DHT to
5a-adiol (Fig. 3). Thus, 5a-adiol was the predominant metabolite
of testosterone in testes, whereas DHT was the principal andro-
gen in the urogenital sinus and urogenital tubercle.

Discussion
Although a variety of physiological functions have been pos-
tulated for 5a-adiol, such as inhibition of pituitary gonado-
trophs before puberty in the rat (22) and control of the onset
of parturition in the mouse (23), the present findings constitute
clear evidence for a role as a crucial androgen in sexual
differentiation. Four mechanisms of action have been consid-
ered for 5a-adiol. First, it could work via a typical nuclear
steroid hormone receptor. However, 5a-adiol binds to the
androgen receptor with a much lower affinity than DHT (21),
and no evidence has been reported to date for a specific
5a-adiol receptor. Second, at the cell surface in some androgen
target tissues 5a-adiol acts in combination with sex hormone-
binding globulin to enhance cAMP production and to activate
secondarily the androgen receptor (24). Because the tammar
wallaby does not have a circulating sex hormone-binding
globulin (25), it is unlikely that 5a-adiol acts via a cell surface
receptor in this species. Third, in the brain 5a-adiol inhibits the
g-aminobutyric acid receptor, a system that may or may not
function in other tissues (26). Finally, 5a-adiol may act by back

conversion to DHT because a large fraction of radioactive
5a-adiol is recovered in the form of DHT in putative sites of
androgen action (27, 28) and because DHT is formed from
both testosterone and 5a-adiol in the prostates of the dog (29)
and rat (27). The metabolic studies reported here indicate that
the urogenital sinus and urogenital tubercle of the developing
tammar convert 5a-adiol to DHT, which then can act via the
androgen receptor (1). The concept that 5a-adiol acts via back
conversion to DHT is strengthened by the fact that the
androgen receptor antagonist f lutamide inhibits prostate for-
mation in the tammar (9). Why the active metabolite DHT
would be formed by such an indirect mechanism is unknown.

In summary, the present studies demonstrate that 5a-adiol is
formed in the testes and is the circulating androgen responsible
for prostatic development in tammar wallaby pouch young. It
remains to be seen whether it plays a similar role in other tissues
of the male tammar or in other mammals, although it is known
to be present in the early human fetal testes (30) and in the
immature rat testis (16).
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